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Renal response to phosphorus deprivation in the isolated rat
kidney
THOMAS H. STEELE and JOHNNIE L. UNDERWOOD
Department of Medicine, University of Wisconsin, Madison, Wisconsin
Renal response to phosphorus deprivation in the isolated rat
kidney. In order to study further the adaptation of inorganic
phosphate (P1) reabsorption during phosphorus depletion, P, trans-
port was measured at three perfusate P1 concentrations in isolated
perfused rat kidney preparations, utilizing synthetic albumin-con-
taining cell-free perfusate. With elevation of the perfusate P,,
phosphaturia was signiticanfly less, and absolute P1 reabsorption
was significantly greater in kidneys derived from phosphorus-
deprived rats than in organs from nondeprived counterparts. Prior
parathyroidectomy did not affect the transport of P, by the isolated
kidney preparation. Increasing the perfusate P1 did not diminish
hypercalciuria in kidneys from phosphorus-deprived rats. The
results indicate that the adaptive response in P, reabsorption dur-
ing phosphorus deprivation can be demonstrated independently of
the composition of fluid perfusing the kidney. The mechanism
underlying the adaptation, however, remains unclarified.
Riponse du rein isole perfuse a Ia déplétion du phosphore. Afin
d'étudier l'adaptation de la reabsorption du phosphate inorganique
(P1) au cours de Ia déplétion en phosphore le transport de P1 a été
mesuré a trois concentrations de P, dans le perfusat sur la prepara-
tion de rein isolé perfuse an moyen d'une solution artificielle
dépourvue de cellules et contenant de l'albumine. Au cours de
l'augmentation de Ia concentration de P, dans le perfusat la phos-
phaturie est significativement moindre et la reabsorption absolue
de F, significativement plus grande dans les reins prélevés chez des
rats carencés en phosphate que dans les reins des animaux con-
trôles. La parathyruldectomie préalable n'affecte pas le transport
de F, par la preparation de rein isolé. L'augmentation de P1 dans le
perfusat ne diminue pas l'hypercalciurie des reins provenant de
rats carencés en phosphore. Ces résultats indiquent que Ia réponse
d'adaptation a Ia carence en phosphore pent être mise en evidence
indépendamment de la composition du liquide qui perfuse le rein.
Les mécanismes sousjacents a cette adaptation demeurent obscurs
cependant.
Following dietary phosphorus deprivation, the
capacity of the kidney to reabsorb inorganic phos-
phate (P1) is enhanced so that negligible quantities of
P, are lost in the urine [1, 2]. Recent studies have
indicated that expansion of the extracellular fluid
volume with sodium chloride [1, 3] or sodium bicar-
bonate [3] and the administration of parathyroid hor-
mone [4] do not interfere with this compensatory
response during phosphorus depletion. In order to
determine if the sustained adaptation in P, reabsorp-
tion depends upon the continued exposure to a sub-
stance or substances in the fluid perfusing the kid-
ney, we have measured P1 reabsorption in isolated
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kidney preparations, utilizing a synthetic albumin-
containing cell-free perfusate. Results in kidneys
derived from phosphorus-deprived rats were com-
pared with the results in organs from normal
controls.
Methods
Adult, male, Sprague-Dawley rats weighing 250 to
350 g were stabilized on one of two dietary regimens,
each containing similar adequate amounts of vitamin
D, for 13 to 16 days before the experiments. The low-
phosphorus diet (TCN Pharmaceuticals Inc., Life
Sciences Group, Cleveland, Oh.) contained 0.07%
phosphorus and 1.0% calcium. The high-phosphorus
diet contained 1.0% phosphorus and 1.6% calcium.
Animals were pair-fed, and experiments were done
in members of both groups simultaneously. Each rat
was anesthetized with mactin® (Promonta, Ham-
burg, West Germany) (80 to 100 mg/kg of body wt,
i.p.). Experiments commenced at the same hour in
the morning.
The method of isolation and perfusion of the right
kidney was performed as described by Bowman [51.
Briefly, the abdomen was opened with a longitudinal
incision, the right ureter was cannulated with PE-50
polyethylene tubing, and appropriate ligatures were
placed. An 18-gauge pediatric scalp vein needle
(Abbott Laboratories, North Chicago, Ill.), previ-
ously modified by grinding the bevel nearly flat, was
advanced retrograde into the superior mesenteric
artery. Approximately 15 ml of an oxygenated flush-
ing solution at 37°C, similar in composition to Perfus-
ate A (on next page) except for the absence of albu-
min, was infused at a pressure of 120 torr as the
needle was advanced transaortically into the right
renal artery without interrupting flow. The aortic and
renal arterial ligatures were tightened, vascular
attachments were cut, and the kidney was exterior-
ized and placed in a recirculating perfusion apparatus
as described by Bowman [5], except that a Master-
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flex pump (Model 7565, Cole-Parmer Instrument
Co., Chicago, IL) was utilized. Flow of a recirculat-
ing albumin-containing perfusate (Perfusate A; see
below) was begun immediately utilizing a stopcock
arrangement. Perfusate flow was adjusted at a rate
sufficient to maintain the mean perfusion pressure at
120 to 130 torr. The perfusion pressure was moni-
tored continuously, utilizing a pressure transducer.
The entire system was maintained at 37°C by temper-
ature-controlled water jacketing. The perfu sate was
oxygenated continously, utilizing humidified 95%
oxygen and 5% carbon dioxide. Perfusate oxygen
tensions always were at least 300 torr.
Perfusate preparation was accomplished according
to the method described by Ross, Epstein, and Leaf
[6]. This included prolonged dialysis of a solution of
bovine serum albumin Fraction V (Pentex Division,
Miles Laboratories, Kankakee, Ill), at a concentra-
tion of 10 g/l0O ml, against a modified Krebs-Hense-
leit solution containing 10,000 U of penicillin and
0.04 g of streptomycin per 5 liters. The dialyzed
concentrated albumin solution was frozen until the
day of use, when it was diluted to a concentration of
6.7 g/100 ml, in a modified Krebs-Henseleit solution.
After equilibration with 5% carbon dioxide, perfus-
ate pH was 7.40 to 7.45. The composition of the
perfusates was as follows: sodium, 140 mM; potas-
sium, 4.5 mM; bicarbonate, 25 mM; and chloride, 100
m. Other solutes were calcium, 10 mgIlOO ml; mag-
nesium, 1.8 mg!l00 ml; albumin, 6.7 g/100 ml; glu-
cose, 100 mg/lOO ml; and inulin, 75 mg/100 ml. Per-
fusate A also contained F1, 4 mg/100 ml. Perfusates B
and C contained P, at 8 and 16 mg/l0O ml, respective-
ly, but were similar to Perfusate A in all other
respects. Perfusates B and C were made by adding
sufficient amounts of 0.15 M sodium phosphate (pH,
7.4) to 90 ml of recirculating Perfusate A or B to
achieve a perfusate F, concentration of 8 or 16 mg/
100 ml, respectively. Prior to use, perfusates were
filtered through a 0.45gm microporous membrane
(Amicon Corp, Hartwell, Mass.). In addition, a 5-tim
Nucleopore membrane (Arthur H. Thomas, Phila-
delphia, Penn.) was incorporated into the perfusion
circuit.
Ultrafilterable calcium and P, were measured in
perfusates by centrifugation through collodion bags
(Schleicher and Schuell, Keene, N.H.) under miner-
al oil. The concentration of calcium in an ultrafiltrate
of Perfusate A averaged 65% of the perfusate con-
centration, and was not significantly different in per-
fusates containing greater P concentrations. Similar-
ly, the concentration of P, in an ultrafiltrate of
Perfusate A averaged 106% of the perfusate P, and
was not significatnly different in Perfusates B and C.
After establishing perfusion with 90 ml of recircu-
lating Perfusate A, an initial equilibration interval of
15 mm was allowed to elapse. Urine specimens for
two 10-mm clearance periods then were obtained;
perfusate samples were taken at the mid-point of
each clearance period. Sufficient 0.15 M neutral
sodium phosphate then was added to the circuit to
increase P, to 8 mg/I 00 ml (Perfusate B). Following a
5-mm equilibration interval, specimens for two 10-
mm clearance periods were obtained. Finally, suf-
ficient 0.15 M sodium phosphate was added to
increase perfusate P, to 16 mg/l00 ml (Perfusate C).
After another 5-mm equilibration interval elapsed,
specimens were obtained for two final 1 0-mm clear-
ance periods.
Seven experiments were conducted utilizing kid-
neys obtained from rats stabilized on a high-phos-
phorus diet, which had been parathyroidectomized
72 or 96 hr previously. Parathyroidectomy was
accomplished, utilizing electrocautery under light
ether anesthesia. Adequacy of parathyroidectomy
was ascertained by the animals' plasma calcium con-
centrations being less than 7.5 mg/100 ml on the day
of experimentation.
Urine volumes were measureed by differential
weighing in tared plastic tubes. Analytic methods for
inulin, F1, calcium, and sodium were the same as
previously described [2]. The clearance of inulin was
utilized to measure the glomerular filtration rate
(GFR). Values for each clearance period at the same
perfusate P, concentration were averaged. Compari-
sons between the different P, concentrations were
performed by using the paired t test, whereas com-
parisons between similar phases of different experi-
mental groups were performed utilizing unpaired t
tests [2].
Results
Values of P, transport from isolated kidneys
obtained from rats stabilized on either the high or
low-phosphorus diet, each studied at three perfusate
P, concentrations, are summarized in Table 1. GFR
measurements remained stable and were similar in
both groups. With Perfusate A, the high-phosphorus
kidneys exhibited a greater phosphaturic response,
manifested by a significantly greater fractional P,
excretion (FEe.), as compared to the low-phospho-
rus organs. Although FEE. increased in the low-
phosphorus kidneys as perfusate P, was increased
(Perfusates B and C), the values always were signifi-
cantly less than those of the high-phosphorus kid-
neys at similar perfusate P, levels, despite marginally
lower filtered P, loads in the latter (Table 1).
This diminished phosphaturia of the kidneys bar-
126 Steele and Underwood
Table 1. Inorganic phosphate (P) transport in isolated kidneys using Perfusate A, B, or Ca
A
Perfusate P
mgflOO ml
B C A
Filtered P
pg/mis
B C A
P1 reabsorption
/.ag/min
B C
FE., x 100
%
A
(SFIt
ntl/,nin
B CA B C
High-P (1%)
diet (N = It)
4.2
(±0.1)
8.5k
(±0.1)
l7.6
(±0.4)
23.0
(±1.7)
44,95
(±1.9)
86.1
(±5.1)
21.8
(±1.6)
38.3k 57.l
(±1.8) (±4.3)
0.0
(±0.7)
14.5
(±2.4)
34.2'
(±3.3)
0.55
(±0.04)
0.53
(±0.03)
0.49
(±0.03)
[ow-P (0.07%)
diet (N 11)
4.4
(±0.1)
9,5)'
(±0.3)
19.4"
(±0.6)
28.6
(±2.5)
53.5'
(±4,7)
103.7'
(±9.0)
27.6
(±2.4)
50.1' 87.1'
(±4.3) (±8.0)
3.6
(±0.5)
6.0'
(±0.9)
15.8'
(±2.8)
0.66
(±0.06)
0.56
(±0.04)
0.53
(±0.04)
Intergroup P NS <0.02 <0.025 NS NS NS NS <0.025 <0.005 <0.02 <0.005 <0.001 NS NS NS
Values are the mean SEM. Intergroup P values indicate unpaired comparisons, between high-P and low-P kidneys, during perfusion with similar pecfusates. Superscripts b through d
refer to paired statistical comparisons with Perfusate A values, in the same kidneys, between different perfiisates. Significance levels as follows: superscript 0 P <0.001; c, P <0.005; d, P
<0.05; otherwise P > 0.05.
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Fig. 1. Absolute P,reabsorption plotted as afunction offihteredP,,
in isolated perfused rat kidneys from animals stabilized on the
low-phosphorus diet. Each kidney was studied at three perfusate
P concentrations. Each point indicates the mean of two clearance
periods at the same perfusate P,. The lines connect observations in
the same kidney.
vested from phosphorus-deprived animals resulted
from an increase in absolute P, reabsorption (Fig. 1,
Table 1). In the low-phosphorus kidneys, absolute P1
reabsorption remained only slightly less than the
amount filtered in most instances, even at the elevat-
ed filtered P, loads encountered with Perfusates B
and C (Fig. 1). In contrast, the reabsorption of fil-
tered P, was significantly less in kidneys from rats
stabilized on the high-phosphorus diet (Fig. 2, Table
1).
In order to determine if prior removal of the para-
thyroid glands affects P, transport in this preparation,
similar studies were done utilizing kidneys from rats
which had undergone parathyroidectomy 72 to 96 hr
previously. These parathyroidectomized (FIX) ani-
mals had received the same high-phosphorus diet as
those depicted in Figure 2. In the kidneys from PTX
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Fig. 2. P, reabsorption as a function offiltered P, in kidneys from
rats stabilized on the high-phosphorus diet. Note that at greater
filtered P, values, reabsorption was less extensive than in kidneys
from phosphorus-deprived animals (Fig. 1).
rats, P1 transport was very similar to results obtained
in kidneys from non-FIX animals (Fig. 3). At any
filtered P, load, P1 reabsorption in the kidneys from
FIX animals resembled the values obtained in kid-
neys harvested from animals having intact parathy-
roid glands (Fig. 3).
The significantly diminished FEE. values during
Perfusate A in the low-phosphorus kidneys (Table 1)
occurred in the presence of greater fractional water
(V/GFR), sodium (FENa), and calcium (FEca) excre-
tions in those organs (Table 2). On the other hand, all
three parameters increased significantly in high-
phosphorus kidneys as the perfusate P, was
increased. When Perfusate C was employed, there
were no significant differences in FENa or V/GFR
between high and low-phosphorus kidneys, although
FEca remained significantly elevated in the low-
phosphorus group (Table 2).
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Although mean perfusion pressures were main-
tained at similar levels, averaging 121 to 126 ton, in
high and low-phosphorus kidneys, perfusate flow
rates were uniformly increased in the phosphorus-
deprived group. As a consequence, renal resistance
was consistently depressed in these low-phosphorus
kidneys (Table 2).
Discussion
Previous studies in the rat have indicated that an
adaptive renal response to phosphorus depletion lim-
its phosphaturia and promotes renal P, reabsorption
[1, 2]. This accelerated P, reabsorption occurs inde-
pendently of the presence of the parathyroid glands
I
Filtered P. up/mm
Fig. 3. P1 reabsorption in kidneys harvested from parathyroidec-
tomized (PTX) rats. The animals had been stabilized on the high-
phosphorus diet and had underwent parathyroidectomy 72 to 96 hr
prior to experimentation. The shaded area indicates the range of
values obtained in kidneys from non-VFX rats stabilized on the
same diet (Fig. 2).
11, 3], is only partially diminished by bicarbonate-
loading [3], and is characterized by renal resistance
to the phosphaturic actions of parathyroid hormone
(PTH) despite normal cyclic AMP excretion in the
response to hormonal stimulation [4, 7]. It probably
serves to permit rapid phosphorus repletion in the
depleted animal. The present experiments, utilizing
isolated perfused kidneys harvested from rats
deprived of dietary phosphorus for only two weeks,
indicate that the sustained conservation of P1 in phos-
phorus depletion is not dependent upon continued
exposure to (or absence of exposure to) substances
in the fluid perfusing the kidney. The artificially con-
stituted perfusates were similar for the high-phos-
phorus and phosphorus-deprived kidneys, whereas
P1 reabsorption differed.
Prior absence of the parathyroid glands did not
affect P, reabsorption in the isolated kidney prepara-
tion. This seems surprising in that FEE. following
acute thyroparathyroidectomy (TPTX) in our pre-
vious studies was approximately 1% 112]. Thus, P1
reabsorption in the isolated rat kidney is defective, as
compared to the acute TPTX rat. This probably
accounts for the lack of further diminished P1 reab-
sorption in kidneys harvested from chronic PTX rats
in the present studies (Fig. 3). In order to further
assess the effect of PTH in the isolated rat kidney
preparation, we have added synthetic bovine PTH (1
to 34) tetratriacontapeptide to perfusates at a con-
centration of 25 pg/ml. At a perfusate P, concentra-
tion of 8 mg/ 100 ml, PTH increased FEE. in control
kidneys to 10%, from a control value of 4%. On the
other hand, in kidneys from phosphorus-deprived
rats, PTH increased FE1 to only 3%, from a control
value of 2% (UNDERWOOD JL, STEELE TH: unpub-
lished observations), a significantly diminished incre-
ment. Therefore, although the isolated rat kidney
seems intrinsically resistant to PTH, prior phosphate
depletion increases the degree of resistance.
Table 2. Summary of cation transport and other parameters when using Perfusate A, B, or C
FE5a >< 100
%
FEca x
%
100 V/GFR X
%
100 Renal resistance
dyne cm sec5
A B C A B C A B C A B C
High-P (1%)
diet (N =
11)
6.2
(±0.9)
7.3
(±1.0)
10•1b
(±1.5)
6.9
(±1.4)
9•5b
(±1.4)
14.lY
(±2.3)
6.6
(±0.8)
87b
(±1.1)
l3.ly
(±1.8)
113
(±4)
lO6C 109
(±3) (±2)
Law-P
(0.07%)
diet (N
11)
10.7
(±1.8)
9.9
(±1.6)
10.2
(±1.7)
18.8
(±2.4)
19.2
(±2.5)
20.0
(±2.6)
11.4
(±1.8)
l1.9e
(±1.8)
14.0
(±2.1)
97
(±4)
92C 91
(±3) (±3)
Intergroup P < 0.05 NS NS < 0.001 < 0.005 < 0.05 < 0.025 NS NS <0.02 < 0.01 < 0.001
a Values and comparisons are similar to Table 1, with significance levels as follows: superscript b, P < 0.05; c, P < 0.01.
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The phosphorus-deprived kidneys of this study
manifested relative calcium wastage, in common
with results previously reported in phosphorus-
depleted dogs [8] and rats [9]. In experiments in the
dog and rat, the systemic infusion of P, resulted in a
rapid decrease of calcium excretion and an increase
in its reabsorption [8, 9]. On the other hand, the
intrarenal infusion of P, in the phosphate-depleted
dog did not ameliorate hypercalciuria [8]. The pres-
ent results utilizing isolated rat kidneys are consis-
tent with the results in the dog, in that elevation of
the P concentration in the perfusion circuit did not
ameliorate the calcium wastage exhibited by the
phosphorus-deprived kidneys. This interpretation,
however, should be accepted as only tentative
because of the increased V/GFR and FENa values
which also were present in the low-phosphorus kid-
neys. Our previous observations in phosphorus-
deprived rats, as opposed to isolated kidneys, have
shown no such tendency toward sodium wastage [2—
4].
Although the present studies indicate that the sus-
tained adaptive response in P1 reabsorption during
phosphorus deprivation does not depend upon the
continued exposure of the kidney to some unique
characteristic of the perfusion fluid, the mechanism
underlying the adaptation itself remains unclear. The
rats from which the kidneys of these studies were
harvested had been stabilized on the low-phosphorus
diet for only two weeks, and yet adaptation clearly
was evident. Measurements of renal cortical phos-
phorus and acid-extractable P1 content in other rats
similarly stabilized have not shown significant differ-
ences between phosphorus-deprived and control ani-
mals (UNDERWOOD JL and STEELE TH, unpub-
lished observations). It remains possible, however,
that some subcellular component of tissue P1 could
be diminished after only short-term phosphorus dep-
rivation, and could mediate the adaptive response.
Although the kidneys from phosphorus-deprived ani-
mals demonstrated a decrease in renal resistance, it
is not clear how this could act selectively to facilitate
F, reabsorption.
Previous preliminary reports of results from isolat-
ed perfused rabbit kidney preparations have suggest-
ed that the hypercalciuria of phosphorus depletion
may be mediated humorally [10—12]. The present
studies do not exclude humoral mediation of either
the hypercalciuria of phosphorus deprivation or the
augmented P, reabsorption. They do suggest, how-
ever, that any putative humoral agent is likely to be
hound tightly to renal receptors at a very early stage
in the adaptation process, and can withstand organ-
flushing and perfusion procedures.
In summary, the renal adaptation in P1 reabsorp-
tion during phosphorus depletion does not require
continuous alterations in composition of the fluid
perfusing the organ, as demonstrated by the mainte-
nance of the response in isolated rat kidneys per-
fused with synthetic media. The mechanisms respon-
sible for the adaptation itself, however, remain
unclear.
Acknowledgments
This work was supported by a grant from The
Kroc Foundation. We acknowledge the assistance of
Doctors R. H. Bowman and M. E. Trimble for set-
ting up the isolated kidney preparation.
Reprint requests to Dr. T. H. Steele, /300 University Avenue,
Tviadison, Wisconsin 53706, U.S.A.
References
I. TROULER U, BONJOUR i-P. FLPJSCH H: Inorganic phosphate
homeostasis: Renal adaptation to the dietary intake in intact
and thyroparathyroidectomized rats. J Clin invest 57:264—
273, 1976
2. STEELE TH, DELUCA HF: Influence of dietary phosphorus on
renal phosphate reabsorption in the parathyroidectomized rat.
J Clin invest 57:867—874, 1976
3. STEELE TH: Renal response to phosphorus deprivation:
Effect of the parathyroids and bicarbonate. Kidney mt
11:327—334, 1977
4. STEELE TH: Renal resistance to parathyroid hormone during
phosphorus deprivation. J Clin invest 58:1461—1464, 1976
5. BOWMAN RH: The perfused rat kidney, in Methods in Enzy-
mology, edited by HARDMAN Hi, O'MALLEY BW, New
York, Academic Press, 1975, vol. 39, pp. 3—10
6. Ross BD, EPSTEIN FH, LEAF A: Sodium reabsorption in the
perfused rat kidney. Am J Physiol 225:1165—1171, 1973
7. I-IARTER HA, MERCADO A, RUTHERFORD WE, RoDRIc;uEz
H, SLATOPOLSKY E, KLAHR S: Effects of phosphate depletion
and parathyroid hormone on renal glucose reabsorption. Am J
Physiol 227:1422—1427, 1974
8. COBURN JW, MASSRY SG: Changes in serum and urinary
calcium during phosphate depletion: Studies on mechanisms.
J Clin invest 49: 1073—1087, 1970
9. STEELE TH, ENGLE iE, TANAKA Y, LORENC RS, DUDGEON
KL, DELUCA HF: On the phosphatemic action of 1,25-dihy-
droxyvitamin D3. Am J Physiol 229:489—495, 1975
10. BEN-ISAAC C, MA55RY SG, ROSENFELD S, KLEEMAN CR,
BIeR M: Evidence for immoral factor responsible for the
hypercalciuria of phosphate depletion (abstr.), J Clin invest
53:5a, 1974
Ii. BEN-ISAAC C, MASSRY SO, ROSENFELD 5, KLEEMAN CR,
BIcK M: Evidence for humoral factor responsible for the
hypercalciuria of phosphate depletion (abstr.). Clin Res
23:134, 1975
12. MAsslev SO: Effect of phosphate depletion on renal tubular
transport, in Phosphate Metabolism: Kid/ICY ond Bone, edited
by AvioLl L, BORDIER P, FLEISCH H. MASSRY S, and SLATO-
POLSKY E, Toulouse, Nouvelle Imprimerie Fournié, 1976, pp.
25—32
